A method based on the Herzberger approach has been investigated for the selection of glasses for the apochromatic correction at near-infrared (NIR) wavelength. The method avoids the algebraic complexity and simplifies the glass selection processes. Doublet and triplet glass combinations can be chosen directly from the plot of partial dispersion versus V number. Good combinations of NIR doublets and triplets are given. Design examples show that the method is practical and efficient.
Introduction
In optical design, the first step is to choose optical glasses to correct chromatic aberration. The control of chromatic aberration through the selection of glasses is one of the most extensively studied subjects in the field of lens design. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] Different glass selection methods have been investigated at visible wavelengths that can yield apochromatic and superachromatic lens systems. The term apochromatic and superachromatic mean paraxial color correction at three and four wavelengths, respectively. One approach uses the Buchdahl glass dispersion equation to select glasses for systems of thin lenses that yield apochromatic and superachromatic color correction. Robb and Mercado 1 and Buchdahl 2 use this method to choose two kinds of materials for a doublet. Another approach uses Herzberger's relative-partial-dispersion-Abbe-number equation, which can also yield apochromatic and superachromatic color correction. Herzberger and Salzberg 14 used this method to select glasses that can yield the same performance.
However, most of these studies were done at visible wavelengths. Little attention has been given to the nearinfrared ͑NIR͒ wavelengths ͑1 to 2.5 m͒. The use of doublets is often limited by the small number of available glasses and the inability of a doublet to achromatize over the whole NIR wavelength range. We have not found any paper about the choice of glasses for triplets for NIR astronomical instruments. The Buchdahl glass dispersion equation is mathematically too complex for the selection of glasses for doublets. From the point of view of optical engineering, it is important to find a simple and practical method to choose glasses for chromatic-aberration correction.
This paper investigates a method that uses Herzberger's approach to choose glasses to design doublets and triplets for apochromatic correction in the NIR wavelength range. Doublet glasses or triplet glasses can be chosen directly form the partial-dispersion-V-number plot, without algebraic complexity. Finally, two design examples are given.
Partial Dispersion and V Number of Glasses
For NIR glasses, the Sellmeier and Herzberger dispersion formulas are used to calculate the index of refraction. The glass catalogs of various manufacturers, available in digital form, can be used to fit the index data and calculate the coefficients of the dispersion formulas. Then, the dispersion formulas can be used to calculate the optical index at any wavelength. The more data one enters, the more accurate will be the fit. The glass index data in this paper are from the infrared glass catalog published with the Zemax optical design program. 15 These data are provided by Schott 16 or compiled from published sources, 17 and their accuracy has been confirmed by Albert Feldman's measurements. 18 For infrared glasses, the Herzberger dispersion formula is often used to calculate the glass index 14 :
where Lϭ1/( 2 Ϫ0.028). Schott uses the Herzberger formula to calculate its glasses for NIR. The three-term Sellmeier dispersion formula can also be used to calculate the index of infrared glass with adequate accuracy 19 :
As is done for visible optical wavelengths, for infrared wavelengths the V number and partial dispersion are defined for a stated spectral region 1 Ͻ 2 Ͻ 3 as
where n 1 , n 2 , and n 3 are the indices of refraction at the short wavelength 1 , central wavelength 2 , and long wavelength 3 , respectively. It is important to note that 1 , 2 , and 3 are also the wavelengths to be corrected for chromatic aberration.
The plot of partial dispersion versus V number is extremely important in choosing glasses that will permit secondary color correction in a lens. Unfortunately, many glass catalogs provided with computer design programs ͑such as Zemax͒ or by glass companies only provide V-number and P data that are calculated at the F-d-C wavelengths. In fact, these data are useless for glass selection, as they will be different at visible and NIR wavelengths. Shannon 20 has calculated V-number and P values of some visible optical glasses in different wavelength ranges. He also compared the plots of V number versus P for these glasses in the visible F-d-C and the infrared wavelength ranges, and found that the glass distributions change dramatically when the wavelength shifts to the infrared.
Herzberger and Salzberg 14 calculated the partial dispersion P of some infrared glasses in the wavelength range 1.5 to 5.0 m. He used 3.5 m as the central wavelength 2 . We find that the distributions of glasses on the V-versus-P plot for differing short wavelength 1 , central wavelength 2 , and long wavelength 3 are also dramatically different, and this has generally been ignored. For example if 1 , 2 , and 3 are 1, 1.75, and 2.5 m, respectively, the V-number and P of CaF 2 glass are 54.6 and 0.488, respectively, compared with 91.5 and 0.591 when 1 , 2 , and 3 are 1.25, 1.65, and 2.2 m, respectively. So the V-number and P data must be calculated according to the wavelengths at which one corrects for chromatic aberration.
NIR astronomical instruments work in the J, H, and K bands ͑which are also standard atmospheric windows of transparency 21 ͒. In order to avoid refocusing in the three bands, we choose the infrared wavelengths as
Using Eqs. ͑1͒, ͑2͒, ͑3͒, and ͑4͒, we can calculate the indices, V number, and partial dispersion P of the most-used glasses in the NIR wavelength. The results are given in Table 1 . All of these indices are for room temperature ͑20°C͒, and all of these glasses have high transmission. A plot of V number versus partial dispersion at 20°C is shown in Fig. 1 . It can be seen that BaF 2 , ZnS, and ZnSe glasses are far away from other glasses on the plot. This is important in the choice of glass, as will be shown in Secs. 3 and 4. As NIR instruments are often operated at cryogenic temperatures, we also calculated the partial dispersion and V number of all these glasses at 77 K and found that their relative values are almost unchanged. So the plot of V number versus partial dispersion at 20°C can be used as a standard map for glass choice at other temperatures.
Selection of Glass for a Two-Material Doublet
For simplicity in application, only axial chromatic aberration will be considered. For thin lens doublets in close contact or with a small air space, the conditions for threewavelength color correction are where ⌽ k is the optical power of lens k, ⌽ is the whole power of the two-lens doublet, V k is the V number of lens k, and P k is the partial dispersion of lens k.
Solving the above equations, we have P 1 ϭ P 2 . This means that for two glasses, they must have the same partial dispersion in order to correct three wavelengths. From Table 1 and Fig. 1 , it is clear that there are no two glasses that have the same partial-dispersion value. Thus, any twoglass doublet will have residual chromatic aberration. The secondary residual chromatic aberration for the two thin lenses can be expressed as
On the P -V-number plot, the slope of a line connecting the two points corresponding to these two glasses is proportional to the amount of secondary residual chromatic aberration. The amount of excess power that must be introduced in the element of the lens in using these glasses to achieve secondary color correction is inversely proportional to the length of the line separating the two glass points. It is noticeable that in Fig. 1, along Table 2 lists some possible combinations for doublets and the residual chromatic aberration. The residual aberration is calculated per unit ⌽. The smaller the residual chromatic aberration, the better the two-lens doublet corrects chromatic aberration. In practical application, the two lenses can be separated slightly to facilitate cooling.
Selection of Glass for a Three-Material Triplet
As we discussed above, for doublets it is required that the two glasses have the same partial dispersion. This limits the possible applications, as only a few glasses have close partial dispersion and small residual chromatic aberration. For a triplet in close contact or with a small airspace, the conditions under which three lenses can be achromatized for three wavelengths are 22 ⌽ 1 ϩ⌽ 2 ϩ⌽ 3 ϭ⌽, ͑8͒
Solving these equations, we get
where ⌽ k , V k , and P k are the power, V number, and partial dispersion of lens k, and 
The meanings of E 1 , E 2 , E 3 , T 12 , T 23 , and T 31 can be seen on a P -V-number plot. For example, for a silica/BaF 2 /ZnSe triplet, glass 1 is fused silica, glass 2 is BaF 2 , and glass 3 is ZnSe. If we plot the three chosen glasses on the P -V-number plot shown in Fig. 2 and then join the three points to form a triangle, E 1 is the vertical distance of glass 1 to the line joining the other two glasses and is negative if glass 1 falls below the line. Similarly, E 2 is the vertical distance of glass 2 to the line joining the other two glasses, and E 3 is the vertical distance of glass 3 to the line joining the other two. Only E 3 is shown in Fig.  2 . The ratio T i j is the slope of the line joining glass i and glass j. All three lenses will be as weak as possible if we select glass types having large E 1 , E 2 , E 3 and small T 12 , T 23 , T 31 . If two glasses have the same or close V-number values, the slope of the line will be infinite or large, and this situation must be avoided when we choose glasses. In general, a good triplet will have a large triangle area corresponding to the three glasses and will have small power differences among the three elements.
The basic glass selection problem is to obtain the minimum values of the optical powers ⌽ 1 , ⌽ 2 , ⌽ 3 , since the smaller the optical power, the smaller the higher-order aberrations. Some possible combinations for a triplet are listed in Table 3 . All of the triplets in Table 3 have a reasonable power distribution except CaF 2 /BaF 2 /ZnSe, which has a larger power in its first and second elements and is listed just for comparison. The power of each thin lens is calculated with that of the triplet as the unit. The square root of the averaged and squared weighted refractive power ⌽ k of all the lens elements can be used to evaluate the performances. 24 This parameter has the advantage of being independent of lens scaling, aperture size, and field angle. It is termed W, and for a triplet it can be expressed as
where N is the number of the elements in the triplet. The triplets are listed according to their W values in Table 3 .
The maximum paraxial rms spot radius (R max ) is also listed in Table 3 . The paraxial rms spot radii were calculated at the three wavelengths 1 , 2 , and 3 by using the Zemax optical design program, allowing correction of spherical aberration and apochromatism. For the calculation, all the triplets have focal length 100 mm at f/5 with the thickness of 5 mm for all the three elements. It is obvious that except for CaF 2 /BaF 2 /ZnSe, all the triplets have a similar W, so they all have a similar R max value. The CaF 2 /BaF 2 /ZnSe triplet has a larger R max than the other triplets, because two of its elements (CaF 2 and BaF 2 ) have larger optical power. Once the glasses have been chosen, the lenses can be assembled in any order. Again, in practical application, the component lenses of the triplet can be separated slightly to facilitate use in a cryogenic instrument.
Design Examples
Using glasses from Tables 2 and 3 , two camera designs for NIR spectrograph have been optimized to illustrate color correction at 1.25, 1.65, and 2.2 m. Both cameras have focal length 150 mm at f/2, and the aperture stops are one focal length ͑150 mm͒ before the first lens surface. The collimated beam sizes are 75 mm. The detector array is assumed to be a Rockwell 1024ϫ1024 with 18.5-m pixel size. The optical layouts are shown in Fig. 3 . One camera comprises a detached triplet and a detached doublet, and the other comprises two detached triplets. The triplet is silica/BaF 2 /ZnSe, and the doublet is silica/BaF 2 . The last element in the two cameras is a ZnSe field lens. All the optical specifications for the two cameras are the same. The only difference is that the silica/BaF 2 doublet is replaced by a silica/BaF 2 /ZnSe triplet in the triplet-triplet camera. Although some glass combinations have better performance, we only choose classical glasses in view of their good physical characteristics. Some glasses, such as IRG2, IRG3, IRG7, IRG9, and IRG11, are avoided, as Schott will most probably stop the production of these little-used glasses. After silica/BaF 2 /ZnSe is chosen, the doublet silica/BaF 2 is chosen in order to minimize the number of glasses. The design is optimized at the cryogenic temperature of 70 K.
Although the two cameras are only optimized at the wavelengths 1.25, 1.65, and 2.2 m, the chromatic aberration is also well corrected at other wavelengths between 1 and 2.5 m. Figure 4 shows spot diagrams of the two cameras. It is not surprising that the triplet-triplet camera has better optical performance than the triplet-doublet camera. This is because the silica/BaF 2 /ZnSe triplet is better than the silica/BaF 2 doublet for color and other aberration corrections.
Conclusions
The choice of a doublet is limited by the fact that the two glasses must have the same partial dispersion. In principle, a doublet has residual chromatic aberration when the partial dispersions of the two glasses are not equal. For triplets, we have more freedom to choose glasses for apochromatic lens design. We have developed a simple procedure to identify suitable combinations of glasses for use in NIR and have shown that some classical glasses, such as fused silica, BaF 2 , ZnSe, and LiF, can be used to form a highperformance triplet. The design examples show that a triplet-doublet or triplet-triplet combination can be used to design a faster camera, and the triplet has better performance than the doublet for apochromatic lens design. 
